Abstract. We report cloning, expression, purification, and characterization of three predicted leptospiral membrane proteins (LIC11360, LIC11009, and LIC11975). In silico analysis and proteinase K accessibility data suggest that these proteins might be surface exposed. We show that proteins encoded by LIC11360, LIC11009 and LIC11975 genes interact with laminin in a dose-dependent and saturable manner. The proteins are referred to as leptospiral surface adhesions 23, 26, and 36 (Lsa23, Lsa26, and Lsa36), respectively. These proteins also bind plasminogen and generate active plasmin. Attachment of Lsa23 and Lsa36 to fibronectin occurs through the involvement of the 30-kDa and 70-kDa heparin-binding domains of the ligand. Dose-dependent, specific-binding of Lsa23 to the complement regulator C4BP and to a lesser extent, to factor H, suggests that this protein may interfere with the complement cascade pathways. Leptospira spp. may use these interactions as possible mechanisms during the establishment of infection.
INTRODUCTION
Leptospirosis is an acute febrile disease caused by pathogenic spirochetes of the genus Leptospira. The disease is considered, according to the World Health Organization, as an important emerging infectious disease that affects populations worldwide. In tropical and subtropical regions, the disease is considered endemic, whereas in temperate climate, the disease is more associated with occupational and recreational activities. 1 Structural heterogeneity in the carbohydrate component of leptospiral lipopolysaccharides results in serovar diversity; more than 250 serovars have been described. 2 Many serovars are adapted for specific mammalian reservoir hosts, which harbor the organisms in their renal tubules and shed live leptospires in their urine. Humans are accidental hosts who become infected through contact with wild or domestic animals or exposure to contaminated soil or water. 3 Our laboratory has been using bioinformatics software, such as PSORT 4 and LipoP, 5 to analyze genome sequences of L. interrogans serovar Copenhageni. 6, 7 This approach, combined with gene cloning and protein expression and purification, has led to development of several leptospiral recombinant proteins that can be experimentally characterized. Some of these proteins were identified as novel leptospiral adhesins that might be involved in the first steps of host-Leptospira interaction. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] After attachment, leptospires have to overcome tissue barriers and reach target organs. Proteolytic activity by plasmin (PLA) generation at the surface of Leptospira spp. via binding of host plasminogen (PLG) in the presence of an activator has been described. 19 Furthermore, our group has identified several leptospiral proteins as PLG-binding receptors. 8, [15] [16] [17] [18] 20 Recently, we have reported two leptospiral proteins capable of binding the complement regulator C4BP, an interaction that might help the bacteria evade the immune system and increase survival. 17, 18 In the present study, we report the characterization of three novel leptospiral proteins. The selected genes, LIC11009, LIC11360, and LIC11975, were identified in genome sequences of L. interrogans serovar Copenhageni 6, 7 and predicted to encode for membrane proteins. We show that the recombinant proteins bind extracellular matrix (ECM) molecules and are referred to as leptospiral surface adhesions Lsa23 (rLIC11360), Lsa26 (rLIC11009), and Lsa36 (rLIC11975) (number indicates molecular mass of the protein). These proteins are capable of binding PLG and generating enzymatically active PLA. Moreover, Lsa23 interacts with C4BP and factor H complement regulators. These recombinant proteins might be multipurpose leptospiral proteins that participate in bacterial invasion. Microscopic agglutination test. The microscopic agglutination test (MAT) was performed according to Faine and others. 3 In brief, 20 serovars of Leptospira spp. were used as antigens: Australis, Autumnalis, Bataviae, Canicola, Castellonis, Copenhageni, Cynopteri, Djasiman, Grippotyphosa, Hardjo, Hebdomadis, Icterohaemorrhagiae, Javanica, Panama, Patoc, Pomona, Pyrogenes, Sejroe, Tarassovi, and Wolffi. All strains were maintained in liquid Ellinghausen-McCullough-JohnsonHarris medium at 29 C. A laboratory-confirmed case of leptospirosis was defined by the demonstration of a four-fold increase in micro-agglutination titer between paired serum samples. The probable predominant serovar was considered to be the one with the highest dilution that could cause 50% of agglutination. The MAT result was considered negative when the titer was 100.
In silico analysis of proteins. Putative coding sequences (CDSs) LIC11009, LIC11360 and LIC11975 were identified in the L. interrogans serovar Copenhageni genome 6, 7 and selected based on their cellular localization predicted by PSORT 4 (http://psort.nibb.ac.jp), and CELLO 22 (http://cello.life.nctu.edu.tw/) programs. Locations predicted by these programs are cytoplasmic, cytoplasmic membrane, periplasmic, outer membrane, and extracellular (by PSORT), and cytoplasmic, periplasmic, outer membrane, inner membrane, and extracellular (by CELLO). The SMART 23 (http://smart.embl-heidelberg.de/) and PFAM 24 (http://www.sanger.ac.uk/Software/Pfam/) web servers were used to search for predicted functional and structural conserved domains, and LipoP 5 (http://www.cbs.dtu.dk/services/LipoP/) and SignalP 25 (http://www.cbs.dtu.dk/services/SignalP/) programs were used to evaluated the presence of lipobox/signal peptide putative sequences. Conservation of CDSs was performed by BLAST 26 using Conserved Domain Database. 27 CLUSTAL 2.1 multiple sequence alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to generate the phylogram for each CDS. 28 DNA isolation and polymerase chain reaction analysis. Leptospira interrogans serovar Copenhageni strain M-20 cultures were harvested by centrifugation at 11,500 + g for 30 minutes and gently washed in sterile phosphate-buffered saline (PBS) twice. Genomic DNA was isolated from the pellets by using the guanidine-detergent lysing method with DNAzol Reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. The 648-basepair LIC11009, the 602-basepair LIC11360, and the 978-basepair LIC11975 DNA fragments were amplified using oligonucleotides designed according to L. interrogans serovar Copenhageni genome sequences (GenBank accession no. AE016823) and are shown in Table 1 . The polymerase chain reaction (PCR) was performed in a reaction volume of 25 μL containing 100 ng of genomic DNA, 1 + PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl), 1.5 mM MgCl 2 , 0.5 mM of each specific primer, 200 μM of each dNTP, and 1 unit of Taq polymerase. Cycling conditions were 94 C for 4 minutes; followed by 35 cycles at 94 C for 50 seconds, 59 C (LIC11009)/64 C (LIC11360)/51 C (LIC11975), for 50 seconds, and 72 C for 2 minutes; and a final extension cycle at 72 C for 7 minutes. Amplicons were loaded on a 1% agarose gel for electrophoresis and visualization with GelRed™ (Biotium Inc., Hayward, CA).
Gene cloning and recombinant protein expression and purification. Predicted CDSs LIC11009, LIC11360 and LIC11975 were amplified, without signal peptides, by the PCR from L. interrogans serovar Copenhageni strain M-20 genomic DNA using the specific primer pairs shown in Table 1 . Gelpurified PCR fragments (Illustra GFX PCR DNA and Gel band purification kit; GE Healthcare Bio-Sciences Corp, Piscataway, NJ) were subcloned into the pGEM-T easy vector (Promega, Prodimol, Minas Gerais, Brazil) and cloned into the pAE 29 expression vector at XhoI and HindIII (LIC11009 and LIC11975) or BamHI and HindIII restriction sites (LIC11360). The pAE vector enables expression of recombinant proteins with a minimal 6XHis-tag at the N-terminus. All cloned sequences were confirmed by DNA sequencing with an ABI 3100 automatic sequencer (PE Applied Biosystems, Foster City, CA).
Protein expression of recombinant proteins was performed in the Escherichia coli BL21 (SI) strain by action of T7 DNA polymerase under control of the osmotically induced promoter proU. 30 Escherichia coli BL21 (SI) host cells were transformed with the recombinant plasmids and grown at 30 C in LuriaBertani broth without NaCl and with 100 μg/mL of ampicillin with continuous shaking until an optical density (OD) at 600 nm of 0.6-0.8 was reached. Recombinant protein synthesis was induced for 3 hours by addition of 300 mM (rLIC11360 and rLIC11975) or 150 mM (rLIC11009) NaCl. Bacterial cells were then harvested by centrifugation, and bacterial pellets were resuspended in lysis buffer (200 μg/mL of lysozyme, 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride) and lysed on ice with a cell disruptor (Ultrasonic Processor; Table 1 Gene locus, protein name, GenBank reference sequence number, features, sequence of the primers used for DNA amplification, and molecular mass of expressed recombinant proteins of Leptospira interrogans GE Healthcare). Insoluble fractions were resuspended in a buffer containing 100 mM Tris, pH 12.0, 500 mM NaCl, 5 mM β-mercaptoethanol, 0.1% Triton X-100, and 8 M urea for rLIC11360 or 100 mM Tris-HCl or Tris, 500 mM NaCl, and 8 M urea for rLIC11009 and rLIC11975, using buffer pH of 8.0 and 12.0, respectively. Recombinant proteins were purified by using metal chelating chromatography in a Sepharose fast flow column (GE Healthcare). The rLIC11360 protein was refolded by diluting 1:500 with 100 mM Tris, pH 12.0, and 500 mM NaCl before chromatographic purification. The rLIC11009 and rLIC11975 proteins were refolded in a column by gradually removing urea (4 to 0 M). Fractions were analyzed by sodium dodecyl sulfate-polyarylamide gel electrophoresis (SDS-PAGE) on a 15% polyacrylamide gel and fractions that contained recombinant proteins were extensively dialyzed against Tris-NaCl, pH 12.0 containing 0.1% glycine for rLIC11360 and rLIC11975, and PBS containing 0.1% glycine for rLIC11009.
Circular dichroism spectroscopy. Recombinant proteins Lsa26 and Lsa36 were dialyzed against sodium phosphate buffer, pH 7.4, and recombinant protein Lsa23 was dialyzed against 10 mM Tris, pH 12.0. Circular dichroism (CD) spectroscopy measurements were performed at 20 C by using a Jasco J-810 spectropolarimeter (Japan Spectroscopic, Tokyo, Japan) equipped with a Peltier unit for temperature control. Far-ultraviolet CD spectra were measured by using a 1-mm path-length cell at 0.5-nm intervals. Spectra are presented as an average of five scans recorded from 185 to 260 nm. Residual molar ellipticity is expressed in degree X centimeter per decimole. Spectra data were analyzed by using K2D3 software (http://www.ogic.ca/projects/k2d3/) and the method that calculated the secondary structure content from the experimental data. 31 Enzyme-linked immunosorbent assay for detection of human antibodies. Human IgG against Lsa26, Lsa23, and Lsa36 was detected by using an enzyme-linked immunosorbent assay (ELISA) as described. 32 In brief, positive MAT serum samples from 16 confirmed-leptospirosis patients were diluted 1:200 and evaluated for total IgG by using horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibodies (1:5,000) (Sigma-Aldrich). Data were analyzed by using Graph Pad Prism software version 3.0 (Graphpad, San Diego, CA). The cutoff value for each recombinant protein was calculated as described by Flannery and others, 33 and defined as the absorbance value for the 96th percentile of two commercial pools of healthy human sera (Sigma-Aldrich and Complement Tech.).
Antiserum. Five female BALB/c mice (4-6 weeks old) were immunized subcutaneously with 10 μg of the recombinant proteins adsorbed in 10% (v/v) Alhydrogel (2% Al(OH) 3 ; Brenntag Biosector, Frederikssund, Denmark) used as adjuvant. Two subsequent booster injections were given at two-week intervals with the same recombinant proteins preparation. Negative control mice were injected with PBS plus Alhydrogel. Two weeks after each immunization, the mice were bled from the retro-orbital plexus and pooled serum was analyzed by ELISA for determination of antibody titers.
Immunoblotting assay. The purified recombinant proteins subjected to SDS-PAGE on a 12% polyacrylamide gel and transferred into nitrocellulose membranes (Hybond ECL; GE Healthcare) in semi-dry blotting equipment (GE Healthcare).
Membranes were blocked overnight at 4 C with 10% non-fat dried milk in PBS containing 0.05% Tween 20 (PBS-T) and then incubated with anti-Lsa26, anti-Lsa23, anti-Lsa36 mouse serum diluted 1:50, or mouse anti-His tag monoclonal antibody (GE Healthcare) diluted 1:1,000 for 3 hours at room temperature. After washing, the membranes were incubated with HRP-conjugated rabbit anti-mouse IgG (diluted 1:5,000; Sigma-Aldrich) in PBS-T with non-fat milk for 1 hour. Protein reactivity was determined by using the ECL reagent kit chemiluminescence substrate (GE Healthcare) with subsequent exposure to x-ray film or using Carestream Molecular Imaging connected to Gel Logic 2200PRO (Equilab, Whitestone, NY).
Distribution of proteins among leptospiral strains. Bacterial cultures of Leptospira spp. were harvested by centrifugation, washed three times with PBS containing 5 mM MgCl 2 , and resuspended in PBS containing 9% SDS. Purified recombinant proteins or protein extracts from leptospires were subjected to SDS-PAGE on a 12% polyacrylamide gel, transferred to nitrocellulose membranes (Hybond ECL; GE Healthcare) in semi-dry blotting equipment (GE Healthcare), and analyzed as described above.
Proteinase K accessibility assay. Enzymatic digestion was performed as described by Oliveira and others 14 with some modifications. In brief, 5-mL suspensions of live leptospires (L. interrogans serovar Copenhageni strain M-20)/per each treatment (approximately 10 8 cells/mL) were harvested by centrifugation at 8,000 + g for 10 minutes at room temperature and washed once with PBS low salt containing 50 mM NaCl (PBS ls). Leptospires were resuspended in 5 mL of proteolysis buffer (10 mM Tris-HCl, pH 8.0, 5 mM CaCl 2 ) containing 25 μg/mL of proteinase K (PK) (Sigma-Aldrich). Test tubes were incubated for 0-240 minutes at 37 C and aliquots were obtained at 0, 30, 60, 120, and 240 minutes before the addition of 100 mM phenylmethylsulfonyl fluoride to stop PK activity. Suspensions were subsequently centrifuged at 11,500 + g for 5 minutes, washed twice with PBS ls, and resuspended in PBS ls for an ELISA with antibodies against Lsa26, Lsa23, Lsa36, LipL32, and DnaK, as described below. LipL32 and DnaK are membrane 34 and cytoplasmic 35 leptospiral proteins and were used in our experiment as positive and negative controls, respectively.
ELISA for cellular localization detection of proteins. Leptospira interrogans serovar Copenhageni strain M-20 (approximately 10 7 cells/well) were coated onto microplates (Costa High Binding; Corning, Tewksbury, MA) and allowed to stand at room temperature for 16 hours. The plates were washed three times with PBS ls and blocked for 2 hours at 37 C with PBS ls containing 5% non-fat dry milk and 1% bovine serum albumin (BSA). After incubated for 2 hours at 37 C with polyclonal mouse anti-serum against rLIC11009, rLIC11360, rLIC11975, LipL32, or DnaK (dilution of an OD = 1) the leptospires were washed three times with PBS ls and incubated for 1 hour at 37 C with 50 μL of a 1:5,000 dilution of HRP-conjugated rabbit anti-mouse IgG (SigmaAldrich) in PBS ls. The wells were washed three times with PBS ls and o-phenylenediamine (Sigma-Aldrich) (1 mg/mL) in citrate phosphate buffer, pH 5.0, plus 1 μL/mL of H 2 O 2 was added (100 μL/well). The reaction proceeded for 15 minutes and was stopped by the addition of 50 μL of 4 N H 2 SO 4 . The absorbance at 492 nm was determined in a microplate reader (Multiskan EX; Thermo Fisher Scientific, Helsinki, Finland) against the OD of blanks that contained the reaction mixture except for antibodies against the recombinant proteins. For statistical analyses, binding of polyclonal mouse anti-serum against Lsa26, Lsa23, Lsa36, LipL32, or DnaK at 0 hours of incubation was compared with other incubations by using Student's two-tailed t-test.
Interaction of recombinant proteins with ECM and plasma components. Protein attachment to individual macromolecules of the ECM and plasma components was analyzed according to a published protocol 11 with some modifications. In brief, 96-well plates were coated with 1 μg of laminin, collagen type I, collagen type IV, cellular fibronectin, plasma fibronectin, fibronectin proteolytic fragments (30 kDa, 45 kDa, and 70 kDa), elastin, vitronectin, human PLG, complement mixture, factor H, C4BP, BSA, gelatin (negative controls) or fetuin (highly glycosylated attachment; negative control protein) in 100 μL of PBS for 3 hours at 37 C. The wells were washed three times with PBS-T and blocked with 200 μL of PBS-T containing 10% (w/v) non-fat dry milk for 1 h at 37 C, followed by an overnight incubation at 4 C. One microgram of each recombinant protein was added per well in 100 μL of PBS, and protein was allowed to attach to the different substrates for 90 minutes at 37 C. After washing six times with PBS-T, bound recombinant proteins was detected by adding an appropriate dilution (OD 492nm = 1.0) of mouse anti-recombinant proteins in 100 μL of PBS as follows: Lsa26, (1:1,000), Lsa23 and Lsa36 (1:500). Incubation proceeded for 1 h at 37 C. After three washings with PBS-T, 100 μL of a 1:5,000 dilution of HRP-conjugated rabbit anti-mouse IgG (Sigma-Aldrich) in PBS was added per well and samples were incubated for 1 hour at 37 C. Wells were washed three times and o-phenylenediamine (SigmaAldrich) (1 mg/mL) in citrate phosphate buffer, pH 5.0, plus 1 μL/mL of H 2 O 2 was added (100 μL/well). The reaction was allowed to proceed for 15 minutes and stopped by the addition of 50 μL of 4 N H 2 SO 4 . Readings were taken at 492 nm in a microplate reader (Multiskan EX; Thermo Fisher).
For statistical analyses, the binding of recombinant proteins to ECM macromolecules and plasma components was compared with its binding to BSA, fetuin, and gelatin by using Student's two-tailed t-test, and P values were given related to comparison to fetuin, which was used as a negative control for the following experiments. Bindings were also confirmed in another assay that used HRP-conjugated mouse anti-His tag monoclonal antibodies (Sigma-Aldrich) previously titrated against the recombinant protein and used at a dilution that had an OD 492 nm = 1.0 (1:10,000).
Dose-response curves. For determination of dose-dependent attachment of recombinant proteins to ECM macromolecules and plasma components, ELISA plates were coated with 100 μL of 10 μg/mL of ECM and plasma components and allow to adhere for 3 hours at 37 C. Plates were then washed with PBS-T and blocked for 1 hour at 37 C, followed by an overnight incubation at 4 C. Increasing concentrations of the purified recombinant proteins in PBS (100 μL/well) were added and incubated for 90 minutes at 37 C. Assessment of bound protein was performed by incubation for 1 hour at 37 C with antiserum raised against recombinant proteins, followed by HRP-conjugated rabbit anti-mouse IgG, as described above. The ELISA data were used to calculate the dissociation constant (K D ) according to the method described 36 based on the equation
, where A is the absorbance at a given protein concentration, Amax is the maximum absorbance for the ELISA plate reader (equilibrium), [protein] is the protein concentration, and K D is the dissociation equilibrium constant for a given absorbance at a given protein concentration (ELISA data point).
Characterization of protein binding to plasma fibronectin and PLG. To determine the role of lysine in PLG-recombinant proteins interactions, the lysine analog 6-aminocaproic acid (ACA) (Sigma-Aldrich) was added with recombinant proteins at a final concentration of 2 mM or 20 mM to PLGcoated wells. The capacity of heparin to compete for binding of rLIC11360 and rLIC11975 to plasma fibronectin proteolytic fragments F70 and F30 was performed by incubating 1 μM of recombinant proteins with different concentrations of heparin (0-350 IU) (Sigma-Aldrich); mixtures were then added to the F70-or F30-coated wells. In both experiments, detection of bound recombinant proteins was performed as described above.
PLA enzymatic activity assay. Ninety-six well ELISA plates were coated overnight with 10 μg/mL of recombinant proteins or BSA (negative control) in 100 μL of PBS at 4 C. Plates were washed once with PBS-T and blocked for 2 hours at 37 C with PBS with 10% (w/v) non-fat dry milk. The blocking solution was discarded and 100 μL/well of 10 μg/mL human PLG was added, followed by incubation for 2 hours at 37 C. Wells were washed three times with PBS-T, and 4 ng/well of human urokinase-type PLG activator (uPA; Sigma-Aldrich) was added. Subsequently, 100 μL/well of PLA-specific substrate D-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (SigmaAldrich) was added at a final concentration of 0.4 mM in PBS. Plates were incubated overnight at 37 C and substrate degradation was measured by taken the readings in a microplate reader at 405 nm.
Ethics. All animal studies were approved by the Ethics Committee of the Instituto Butantan, Sã o Paulo, SP, Brazil, under protocol number 768/10. This Committee adopts the guidelines of the Brazilian College of Animal Experimentation. Confirmed leptospirosis human serum samples were obtained from the Instituto Adolfo Lutz collection, Santos, SP, Brazil. Samples were used for research purposes only.
Statistical analysis. All results are expressed as means ± SD. Student's paired t-test was used to determine the significance of differences between means, and P 0.05 was considered statistically significant.
RESULTS
Bioinformatics of the coding sequences. The genes LIC11009, LIC11360, and LIC11975 were identified by analysis of the genome sequences of the chromosome I of L. interrogans serovar Copenhageni; each gene is present as a single copy. 7 The CDSs LIC11009, LIC11360, and LIC11975 are predicted to be outer membrane proteins based on PSORT 4 and for LIC11975 and LIC11009 also by CELLO 22 programs. No putative conserved domains have been detected by BLAST. 26, 37 BLAST analysis of the three CDSs showed that they are present in several strains of Leptospira spp. In the case of LIC11975, a sequence with partial similarity (38%) was identified in the saprophytic strains of L. biflexa, Patoc 1 (Ames) and Patoc 1 (Paris). Multiple sequence alignment was performed with the CLUSTAL 2.1 28 program comparing the CDSs LIC11009 ( Figure 1A ), LIC11360 ( Figure 1B) , and LIC11975 ( Figure 1C ) with sequences available in GenBank. The depicted phylograms clearly show that the three coding sequences are well conserved among several pathogenic strains of Leptospira. In the case of LIC11975, similarity/proximity with the sequence present in pathogenic strains is shown; the sequences present in saprophytic strains have lower similarity and are organized in a more distant branch ( Figure 1C ). General features of Lsa26, Lsa23, and Lsa36 are summarized in Table 1 . The CDSs have been identified by proteomics in L. interrogans serovar Copenhageni strain FIOCRUZ L1-130, but only in the case of LIC11009 could the number of copies per cell be determined (2, 566) , and LIC11360 and LIC11975 are probably expressed in amounts below the detection limit of the method. 38 Expression, purification, and identification of recombinant proteins. The amplified coding sequences, excluding the signal Figure 1 . Analysis of LIC11009, LIC11360, and LIC11975 coding sequence conservation among strains of Leptospira spp. by Clustal W2 alignments. Blast analyses were assessed among sequences in GenBank, and leptospiral sequences were used to perform sequence alignment. Phylograms of all sequence alignments show the proximity of LIC11009 (A), LIC11360 (B), and LIC11975 (C) within pathogenic strains of Leptospira spp. The distant branches show the saprophytic strains.
peptide sequences, were cloned and expressed as full-length proteins in E. coli and carried a 6XHis tag at the N-terminal. Gene locus, protein reference number, given name, sequences of primers used for PCR amplifications and molecular mass of recombinants are shown in Table 1 . The recombinant proteins were expressed in insoluble form, purified under denaturing conditions by nickel-affinity chromatography, followed by refolding. An aliquot of each step of the process was analyzed by SDS-PAGE for the proteins (Figure 2A) . The purified proteins were represented by major bands (Figure 2B ), but in the case of Lsa36, other protein bands of lower molecular mass were also present, probably because of degradation during the purification step. To further confirm that these proteins are His-tag recombinants, we conducted immunoblotting and probed samples with monoclonal mouse His-tag antibodies (GE Healthcare). Results are as shown in Figure 2C . AntiHis tag antibodies recognized the three recombinant proteins. Similar data were obtained when blotted recombinant proteins were probed with the respective polyclonal antiserum raised in mice ( Figure 2D ). Structural integrity of the purified proteins was assessed by CD spectroscopy. This method evaluates the secondary structure content of protein and is important data to obtain after protein refolding. The CD spectra for the three proteins are shown in Figure 2E . Analysis of the spectra data by K2D3 31 software showed 43.15% β strand and 3.27% alpha helix for Lsa26, 35.95% β strand and 9.5% alpha helix for Lsa23, and 8.34% of β strand and 55.67% alpha helix for Lsa36. These data validate protein integrity for further studies.
Protein distribution among leptospiral strains. Protein expression and conservation among Leptospira strains was assessed with total protein extracts of pathogenic strains of Leptospira spp. and the non-pathogenic strain L. biflexa serovar Patoc. Cell extracts were gel fractionated, proteins blotted onto membranes, and probed with the respective polyclonal antiserum raised in mice. Proteins Lsa23 and Lsa36 were not identified in any leptospiral protein extracts assayed by Western blotting. Protein Lsa26 was detected in the bacterial extracts of L. interrogans serovar Copenhageni strain M-20, L. interrogans serovar Icterohaemorrhagiae strain RGA, L. interrogans serovar Canicola strain Hound Utrech IV, L. interrogans serovar Pomona strain Pomona, Reactivity of recombinant proteins with serum from patients with leptospirosis. To investigate whether LIC11009, LIC11360, and LIC11975 leptospiral coding sequences are capable of promoting an immune response from an infected host, we evaluated the reactivity of the recombinant proteins by determining the amount of corresponding IgG present in serum samples of patients with leptospirosis. We performed an ELISA using 16 serum samples and calculated the cutoff value, as described the Materials and Methods. The results shown in Figure 4 indicate that three proteins reacted with the serum samples; Lsa26 had the highest number of responders (93.8%), followed by Lsa23 (68.8%) and Lsa36 (62.5%). Our data suggest that the proteins are expressed during leptospiral infection.
Cellular localization of Lsa26, Lsa23, and Lsa36 by protease assays. We performed a proteinase K accessibility assay by using a described assay 14, 39 with some modifications. Live L. interrogans serovar Copenhageni strain M-20 was treated with 25 μg/mL of proteinase K, and aliquots of the bacterial suspensions were obtained at 0, 30, 60, 120, and 240 minutes. The suspensions were centrifuged and resuspended bacteria were used to coat microplates, followed by incubation with polyclonal antibodies against each protein, including the controls, LipL32 and DnaK, for outer 34 and cytoplasmic 35 protein, respectively. Proteins Lsa26, Lsa23, and Lsa36 were susceptible to protease treatment and showed statistically significant values after 60 minutes of incubation, when compared with 0 min control samples ( Figure 5 ). Protein remaining was 53%, 55%, and 72% for Lsa26, Lsa23, and Lsa36, respectively, contrasting with 36% of the major control protein LipL32 that remained intact after only 30 minutes of incubation. Nearly no reduction was observed for the DnaK cytoplasmic protein ( Figure 5 ). Adhesion of Lsa26, Lsa23, and Lsa36 proteins to ECM components. The Lsa26, Lsa23, and Lsa36 proteins are probably surface exposed. We evaluated whether they could mediate and LIC11975 coding sequences of Leptospira interrogans. Viable L. interrogans serovar Copenhageni strain M-20 were incubated with 25 μg/mL of proteinase K at the indicated times (in minutes). Suspensions were centrifuged, washed, resuspended in phosphate-buffered saline, coated onto a microplate. Antibodies against Lsa26, Lsa23 Lsa36 were used. Antiserum against the outer membrane protein LipL32 and the cytoplasmic leptospiral protein DnaK were used as positive and negative controls, respectively. Parallel blanks were run without antibodies against the recombinant proteins. Bars represent the mean ± SD absorbance of three replicates for each protein and are representative of two independent experiments. For statistical analyses, the optical density value after treatment with proteinase K was compared with the value at 0 hours incubation by a two-tailed t-test (*P 0.05).
host colonization by adhering to extracellular matrix proteins. Thus, laminin, collagen type I, collagen type IV, cellular fibronectin, vitronectin, elastin, and control proteins BSA, fetuin, and gelatin were immobilized on 96-well micro-dilution plates, and recombinant protein attachment were assessed by using an ELISA, as described by Atzingen and others. 11 As shown in Figure 6A , the three proteins exhibited statistically significant adhesiveness to laminin (P 0.05), and Lsa23 also showed significant binding to collagen I. These proteins were then referred to as Lsa23, Lsa26, and Lsa36 (leptospiral surface adhesion) and their molecular masses were determined (Table 1) . No statistically significant adhesiveness was observed with the three recombinant proteins when wells were coated with collagen type IV, cellular fibronectin, vitronectin, elastin, BSA, gelatin, or the highly glycosylated control fetuin.
The interaction between the proteins and laminin was also assessed on a quantitative basis by varying protein concentration, as shown in Figure 6B and C. A dose-dependent and saturable binding was observed when increasing concentrations of the recombinant protein from 0 to1 μM for Lsa23 and Lsa36 ( Figure 6B ) and from 0 to 4 μM for Lsa26 ( Figure 6C ) were allowed to adhere to a fixed laminin concentration (1 μg). Binding saturation level was reached with protein concentrations of 0.2, 0.6, and 2.5 μM for Lsa23, Lsa36, and Lsa26, respectively. Calculated K D values are shown in Table 2 . Binding of the proteins to laminin was also detected when monoclonal mouse anti-polyhistidine antibodies were used to probe the attachment to laminin. Binding of Lsa23 to collagen I detected Figure 6 . Interaction of recombinant proteins of Leptospira interrogans with extracellular matrix (ECM) components. A, One microgram of ECM macromolecules was coated onto enzyme-linked immunosorbent assay (ELISA) microplates wells after incubation with 1 μg of Lsa26, Lsa23, or Lsa36. Bovine serum albumin, gelatin, and fetuin were used in the place of ECM as negative controls for nonspecific binding. Binding was evaluated by ELISA. Bars represent the mean ± SD absorbance at 492 nm of three replicates for each protein and are representative of two independent experiments. For statistical analyses, the interaction of recombinant proteins with ECM was compared with its binding to fetuin by two-tailed t-test (*P 0.05). B and C, Lsa23 and Lsa36, and Lsa26 dose-dependent binding experiments with laminin, respectively. Binding was detected by polyclonal antibodies against each recombinant protein; fetuin was included as a negative control. Dissociation constant data are shown in Table 2 . in the screening assay shown in Figure 6A was not confirmed when the reaction was evaluated in a quantitative manner. Binding of human plasma components by Lsa23, Lsa26, and Lsa36. Previous work by our group has shown that several proteins may probably act as PLG receptors. 8, 15, 16, 20, 40 We have also described leptospiral proteins that in addition to binding PLG can also interact with the complement regulator C4BP. 17, 18 We evaluated whether the Lsa23, Lsa26, and Lsa36 proteins could can also interact with plasma components in vitro. Our data showed that the three proteins bound human PLG (P 0.05), Lsa23 and Lsa36 bound fibronectin (P 0.05), and Lsa23 interacted with the complement regulators factor H (P 0.05) and C4BP (P 0.05) ( Figure 7A) . None of the proteins interacted significantly with BSA, fetuin, or gelatin control proteins ( Figure 7A) . Binding between the recombinant proteins and PLG is dose-dependent and saturable when increasing concentrations of the recombinant proteins (0-0.8 μM) were allowed to react with a fixed (1 μg) PLG concentration ( Figure 7B ). The reaction equilibrium was reached at protein concentration of 0.2 μM, and the calculated Figure 7 . Attachment of Lsa26, Lsa23 and Lsa36 proteins of Leptospira interrogans to plasma components. A, Wells were coated with 1 μg of each plasma component or control proteins bovine serum albumin, gelatin, and fetuin followed by incubation with 1 μg of recombinant proteins per well. Binding was measured by enzyme-linked immunosorbent assay (ELISA). Data represent the mean ± SD absorbance at 492 nm of three replicates for each protein and are representative of two independent experiments. For statistical analyses, the attachment of recombinant proteins to plasma components was compared with its binding to fetuin by two-tailed t-test (*P 0.05). Proteins that showed reactivity were further assayed with the respective component. Dose-dependent binding experiments with plasminogen (B), plasma fibronectin (C and D), C4BP (E), and with factor H (F). One microgram of each plasma component was immobilized onto 96-well ELISA plates and increasing concentrations of each recombinant protein were added. Binding was detected by using antiserum raised in mice against each recombinant protein at an appropriate dilution. Fetuin was included as a negative control. Each experiment was performed in triplicate and expressed as the mean ± SD absorbance at 492 nm for each point and are representative of two independent experiments. Calculated equilibrium constants are shown in Table 2 . Attachment of Lsa23 with factor H was compared with its binding to fetuin by two-tailed t-test (*P 0.05). dissociation constants are shown in Table 2 . Binding of Lsa23 and Lsa36 to plasma fibronectin is dose-dependent when increasing concentrations of the recombinant protein Lsa23 (0-5.0 μM) ( Figure 7C ) or Lsa36 (0-0.8μM) ( Figure 7D ) were allowed to react with a fixed (1 μg) fibronectin concentration. The reaction saturation was reached at protein concentration of 3.5 and 0.4 μM for Lsa23 and Lsa36, respectively, and the calculated dissociation constants are shown in Table 2 . The interaction of Lsa23 with the complement regulators C4BP and factor H was dose-dependent but with distinct affinities (Figure 7E and F) . Increasing Lsa23 concentration bound to a fixed concentration of C4BP (1 μg) in a dose-dependent manner; saturation was reached at an Lsa23 concentration of 50 nM ( Figure 7E ) and showed a dissociation constant of 17.63 ± 3.46 nM. The interaction of Lsa23 with factor H was also dose-dependent, but saturation was not reached up to the 6.0 μM recombinant protein concentration (maximum protein concentration achieved) and the OD 492nm was 0.5 ( Figure 7F) .
Binding of recombinant proteins to PLG via kringle domains. The PLG kringle domains frequently participate in the interaction of lysine residues with bacterial protein receptors. 41 We have shown that these domains participate in the binding of PLG with intact live L. interrogans serovar Copenhageni strain L1-130 because the derivative and analog of lysine, ACA, almost totally inhibited binding. 19 We evaluated the participation of lysine residues in binding of the recombinant proteins to PLG by the addition of ACA to the reaction mixtures. A strong, statistically significant inhibition of the interaction of Lsa26, Lsa23, and Lsa36 with PLG was observed when 2 mM ACA was added to the reaction ( Figure 8A ). The results strongly suggest the participation of the kringle domains in the interaction of Lsa23, Lsa26, and Lsa36 proteins with PLG.
Generation of PLA from PLG-bound recombinant proteins. We have shown that enzymatically active PLA is generated by PLG bound to the surface of L. interrogans when its activator is present. 19 To assess whether the PLG bound to Lsa23, Lsa26, and Lsa36 generates proteolytic activity, as reported for other recombinant proteins, 8, [15] [16] [17] 20, 40 a microplate was coated with each recombinant protein, blocked, and then incubated with PLG. Unbound PLG was removed and urokinase (uPA)-type PLG activator (SigmaAldrich) was added. The reaction was incubated overnight, and the PLA activity was evaluated by measuring the cleavage of the PLA-specific substrate D-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (Sigma-Aldrich) at 405 nm. The PLG captured by the three recombinant proteins could be converted into PLA, as indirectly demonstrated by specific proteolytic activity ( Figure 8B ). Negative controls without PLG, uPA, or chromogenic substrate showed no enzymatic activity.
Interaction of Lsa23 and Lsa36 with F30-and F70-kDa fragments of fibronectin. Recombinant proteins Lsa23 and Lsa36 bind to plasma fibronectin ( Figure 7C and D) . We further characterized this binding by evaluating the reactivity of the recombinant proteins with the F30-, F45-, and F70-kDa fragments of fibronectin. The experiments were similar to the one described for the reactivity with plasma components in which 1 μg of the protein reacted with the immobilized fragment. Interaction with the fibronectin fragments was detected with Lsa23 and Lsa36 and F30 and F70 kDa, but no attachment was seen with the F45-kDa fragment and both proteins ( Figure 9A and B) . Binding was analyzed in a quantitative mode in both cases, and results showed that although the reactivity of Lsa23 with F30-and F70-kDa fragments was dependent on protein concentration, equilibrium was not reached with 3 μM of Lsa23 ( Figure 9C ). In contrast, the reactivity of Lsa36 with the same fragments reached the saturation level at 0.25 and 0.4 μM of protein concentration with F70-and F30-kDa fragments, respectively ( Figure 9D ).
Because F30-and F70-kDa fibronectin proteolytic fragments bind heparin, we analyzed the effect of increasing concentration of heparin (0-350 IU) on binding of Lsa36 and Lsa23 to both fragments. Our results showed that heparin inhibited the binding of Lsa36 to F30-and F70-kDa fragments in a concentration-dependent manner ( Figure 9E ). Binding reduction was statistically significant (P 0.05) with 35 IU of heparin for the binding of Lsa36 to F70-kDa fragment. For Lsa36 with Figure 8 . Role of lysine residues in recombinant proteinplasminogen (PLG) interaction and generation of plasmin (PLA) in Leptospira interrogans. A, Binding of Lsa26, Lsa23, and Lsa36 (10 μg/mL) to PLG was conducted in the presence or absence (no inhibition) of the lysine analog 6-aminocaproic acid (ACA). Bound PLG was detected and quantified by specific antibodies for each recombinant protein. Bars represent the mean ± SD absorbance at 492 nm of three replicates and are representative of two independent experiments. Attachment of recombinant protein in the presence of ACA was compared with its binding to PLG in the absence of ACA by two-tailed t-test (*P 0.05). B, PLA generation by PLG bound to recombinant proteins was assayed by using a modified enzyme-linked immunosorbent assay. Immobilized recombinant proteins were treated as follows: PLG + urokinase-type PLG activator [uPA] + specific PLA substrate (PLG + uPA + S) or controls lacking one of the three components (PLG + uPA; PLG + S; uPA + S). Bovine serum albumin (BSA) was used as a negative control. Bars represent mean ± SD absorbance at 405 nm as a measure of relative substrate degradation of three replicates for each condition and are representative of two independent experiments. Statistically significant binding was calculated in comparison with the negative control (BSA) (*P 0.05).
the F30-kDa fragment, reduction was achieved with 70 IU of heparin. No competition was observed for Lsa23.
DISCUSSION
Whole genome sequencing of a pathogen provides access to its full antigenic collection. Genomics has catalyzed a shift in vaccine development towards sequence-based reverse vaccinology approaches that use in silico screening of the entire genome to identify genes that encode proteins with the features of antigen targets. 42 Furthermore, this process has led to identification of several new virulence factors in important pathogens, such as the factor H binding protein of Neisseria meningitides, 43 and several putative transcriptional regulators of Streptococcus pneumoniae. 44 We have investigated the genome sequences of L. interrogans serovar Copenhageni and have identified several proteins that are potentially involved in pathogenesis. We have used the criterion of cellular location and selected the proteins that are probably surface exposed.
In these studies, we selected three predicted membrane proteins of the Leptospira (annotated as Leptospira conserved hypothetical protein, probable lipoprotein, and outer membrane Figure 9 . Binding of Lsa23 and Lsa36 of Leptospira interrogans with plasma fibronectin proteolytic fragments. One microgram of proteolytic fragments F70, F45, and F30 were coated onto microtiter plates followed by incubation with 1 μg of (A) Lsa23 or (B) Lsa36. Fetuin was used as negative control for nonspecific binding. Bars represent the mean ± SD absorbance at 492 nm of three replicates for each protein and are representative of two independent experiments; the attachment of recombinant proteins to proteolytic fragments was compared with its binding to fetuin by two-tailed t-test (*P 0.005). C and D, dose-dependent binding experiments of Lsa23 and Lsa36, respectively, with F70 and F30; each experiment was performed in triplicate and results expressed as the mean ± SD absorbance 492 nm for each point. Dissociation constants are shown in Table 2 . E, Inhibition of Lsa36 interaction with F70 and F30 by heparin. Attachment of Lsa36 (1 μg) to fixed F70 and F30 concentration was performed in the presence of increasing amounts of heparin (0-350 IU). Attachment of Lsa36 in the presence of heparin was compared with its binding to each proteolytic fragments without heparin (0 IU) by two-tailed t-test (*P 0.05).
protein for LIC11009, LIC11360 and LIC11975, respectively), with no assigned function (http://bioinfo03.ibi.unicamp.br/leptospira/). Bioinformatics analysis of CDSs LIC11009, LIC11360, and LIC11975 showed that these sequences are diverse and show a high percentage of identity among pathogenic strains of Leptospira. However, only Lsa26 (LIC11009) was detected in protein extracts of serovars of L. interrogans by Western blotting. This finding could be explained by the fact that 2,566 copies/cell of this protein were estimated by quantitative proteomics, but Lsa23 and Lsa36, although identified, have their number of copies below the detection limit, 38 indicating their low level of protein expression in leptospires. The differential expression of proteins during infection was also shown by the reactivity with serum samples from an infected host, in which the highest number of responders was detected with Lsa26.
The interaction of pathogens with ECM has been well documented, 45 and our group has reported the attachment of L. interrogans to several ECM components. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Several laminin-binding proteins were identified, which indicated that leptospires have a redundant repertoire of adhesion molecules that are probably part of their invasion strategies. Lsa23, Lsa26, and Lsa36 bind laminin in a dose-dependent, specific, and saturable manner, fulfilling the properties of receptor-ligand interaction. The high affinity of Lsa23 to laminin (K D = 25.08 ± 4.1 nM), a value of the same order of magnitude as a described Lsa66 adhesin. 15 The K D values of Lsa26 and Lsa36 are similar to the ones described for LenB, 46 TlyC, 47 OmpL37, 48 Lsa20, 16 Lsa33, and Lsa25 17 and Lsa30 18 with the same ligand. PLG acquisition and PLA generation has been reported for several pathogens, including the spirochetes Borrelia spp. and Treponema denticola with possible implications for pathogenesis. 41, [49] [50] [51] [52] PLA is a serine protease that can degrade a large spectrum of substrates, including fibrin clots, connective tissue, and components of extracellular matrices. 53, 54 Human PLG/PLA proteolytic activity was first described for Leptospira spp. by our group. 19 Verma and others 55 have shown that the protein LenA of L. interrogans is a surface receptor for human PLG. Furthermore, several PLG-binding proteins of Leptospira have been identified. 8, [15] [16] [17] [18] 20, 40 We report Lsa23, Lsa26, and Lsa36 as novel PLG-binding proteins that are capable of generating PLA by addition of uPA-type PLG activator and show specific proteolytic activity. These three proteins of Leptospira, in addition to binding ECM and a possible role in adherence, may also help the bacteria to overcome initial physical barriers of the hosts by PLA generation. Lsa23 and Lsa36 are plasma fibronectininteracting proteins, more specifically with the F30-kDa proteolytic fragment of fibronectin. This fragment is known to bind to heparin, and as expected, addition of increasing amounts of heparin decreased binding of Lsa36 to F30-kDa fragment, confirming that F30-kDa heparin-binding domain of fibronectin is involved in this interaction.
Pathogens have evolved strategies to escape clearance by complement, either by sequestering host-complement regulators or by down-regulating complement activation. 56, 57 Factor H is a host fluid-phase regulator of the alternative complement pathway, and C4b-binding protein controls the complement classical pathway by interfering with formation and regeneration of C3 convertase and acting as a cofactor to the serine proteinase factor I in the proteolytic inactivation of C4b. 57, 58 Filamentous haemagglutinin of Bordetella pertussis, porin molecules (Por 1A and Por 1B) of Neisseria gonorrhoeae and Ig-binding proteins of Streptococcus pyogenes are example of proteins binding complement regulators. [59] [60] [61] Pathogenic leptospiral complement-resistant strains were found to bind factor H from human serum, and this interaction seems to be associated with their serum resistance. 62 Leptospiral binding proteins to C4BP, factor H, and factor H-like have been identified in Leptospira. 17, 18, 46, [63] [64] [65] [66] We report that Lsa23 is a novel C4BP and factor H binding protein of Leptospira, although with the ligand affinity for factor H binding protein seems to be low.
We report characterization of three leptospiral proteins selected from genome sequences of L. interrogans serovar Copenhageni annotated as hypothetical proteins and predicted to be located in the bacterial membrane. Recombinant proteins Lsa23, Lsa26, and Lsa36 are laminin-and PLG-binding proteins that might be involved in attachment and host tissue penetration. Lsa23 and Lsa36 interact with fibronectin and involve the F30-kDa heparin-binding domain. Moreover, Lsa23 can bind the complement regulators C4bp and, to a lesser extent, factor H, a feature that suggests a possible contribution in the immune evasion of leptospires. Accordingly, Lsa23 is a novel multifunctional protein that might have several tasks in leptospiral pathogenesis. To date, Lsa23 is the first described laminin-, fibronectin-, PLG-, factor H and C4bp -leptospiral-binding protein.
